Dynamic regulation of diverse nuclear processes is intimately linked to covalent modifications of chromatin 1, 2 . Much attention has focused on methylation at lysine 4 of histone H3 (H3K4), owing to its association with euchromatic genomic regions 3, 4 . H3K4 can be mono-, di-or tri-methylated. Trimethylated H3K4 (H3K4me3) is preferentially detected at active genes, and is proposed to promote gene expression through recognition by transcription-activating effector molecules 5 . Here we identify a novel class of methylated H3K4 effector domains-the PHD domains of the ING (for inhibitor of growth) family of tumour suppressor proteins. The ING PHD domains are specific and highly robust binding modules for H3K4me3 and H3K4me2. ING2, a native subunit of a repressive mSin3a-HDAC1 histone deacetylase complex 6 , binds with high affinity to the trimethylated species. In response to DNA damage, recognition of H3K4me3 by the ING2 PHD domain stabilizes the mSin3a-HDAC1 complex at the promoters of proliferation genes. This pathway constitutes a new mechanism by which H3K4me3 functions in active gene repression. Furthermore, ING2 modulates cellular responses to genotoxic insults, and these functions are critically dependent on ING2 interaction with H3K4me3. Together, our findings establish a pivotal role for trimethylation of H3K4 in gene repression and, potentially, tumour suppressor mechanisms.
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Binding of the ING2 PHD (ING2 PHD ) domain to the lipid signalling molecule phosphatidylinositol-5-phosphate (PtdIns(5)P) is critical for ING2 recruitment to chromatin during DNA damage responses 7 . Because some phosphatidylinositol phosphate (PtdInsP)-binding domains function through dual recognition of lipids and peptides 8, 9 , we asked whether the ING2 PHD domain has protein, in addition to PtdInsP, ligands. In an in vitro pull-down screen for ING2 PHD protein binding partners, we identified histone H3 ( Supplementary Fig. S1a ). ING2 PHD -binding to H3 was independent of PtdIns(5)P-binding, and was confirmed in direct pulldown assays from purified bulk histones (Fig. 1a, c ; Supplementary  Fig. S1a ).
The ING2 PHD domain bound robustly to native mononucleosomes purified from mammalian cells (Fig. 1b) , but, in contrast to the ACF (ATP-dependent chromatin-assembly factor) and p300 (E1A binding protein p300) PHD domains, did not bind mononucleosomes reconstituted from recombinant histones (Supplementary Fig. S1b ) 10, 11 . Therefore, we postulated that this domain might recognize a post-translational H3 modification. Western blot analysis of ING2 PHD -bound histones revealed significant methylation of H3 on lysine 4, but not lysine 9 (Fig. 1c) . In in vitro binding assays of methylated histone peptides, the ING2 PHD domain bound most strongly to H3K4me3, with lower affinity to H3K4me2, and not at all to numerous other peptides ( Fig. 1d; Supplementary Fig. S1c ).
In the accompanying paper describing the crystal structure of the ING2 PHD -H3K4me3 peptide complex, aspartate 230 (D230) of ING2 is implicated in H3K4me3 recognition 12 . Accordingly, substitution of D230 to alanine (ING2 PHD-D230A ) mostly abolished H3K4me3 peptide binding (Fig. 1d) . The effect of this substitution is not due to unfolding of the PHD domain, as determined by NMR two-dimensional spectra 12 . Notably, this mutation has no effect on the lipid-binding activity of the ING2 PHD domain ( Supplementary Fig. S2 ), and therefore allows selective abrogation of the ING2-H3K4me3 interaction for functional studies (see below). Finally, full-length ING2, but not a PHD domain deletion mutant (ING2 DPHD ), bound specifically to methylated H3K4 peptides (Fig. 1d) . Thus, the ING2 PHD domain is necessary and sufficient for ING2 interaction with H3K4me3 in vitro.
The association of the ING2 PHD domain with H3 was increased by hypermethylation of bulk histones with the H3K4 methyltransferase SET7 (also known as SET9; ref. 13 ) and decreased by the H3K4 demethylase LSD1 (also known as AOF2; ref. 14) ( Supplementary  Fig. S3 ). Moreover, the ING2 PHD domain bound efficiently to H3 in chromatin purified from wild-type Saccharomyces cerevisiae strains, but not from strains lacking the H3K4 methyltransferase Set1 (Fig. 1e) . Together, these data indicate that H3K4 methylation is critical for ING2 PHD -binding to histone H3 at chromatin in vitro.
Like the ING2 PHD domain, the PHD domains of the S. cerevisiae and other human ING family members all bound preferentially to diand tri-methylated H3K4, whereas that of the Mia2 autoantigen bound to trimethylated H3K36 ( Fig. 1f; Supplementary Fig. S4a, b) . Thus, recognition of methylated histone peptides is a general feature of at least a subset of PHD domains, with the ING PHD family constituting a novel class of binding modules for methylated H3K4.
The functional role of ING2 in the context of mSin3a-HDAC1 complexes is unclear 6 . We postulated that ING2 bridges the mSin3a-HDAC1 complex with methylated H3K4 through its PHD domain, and thereby promotes deacetylation of nearby acetylated histone residues. To test this idea, we purified ING2-mSin3a-HDAC1 complexes containing ING2, ING2 DPHD or ING2 D230A . Neither mutation altered the composition of the ING2 complexes ( Fig. 2a ; Supplementary Fig. S5 ). In peptide pull-down assays, the wild-type, but not mutant, ING2 complexes bound preferentially to H3K4me3 (Fig. 2b) . Furthermore, hypermethylation of H3K4 by SET7 enhanced the histone deacetylase activity of the wild-type, but not mutant, ING2 complexes (Figs 2c, d) . Therefore, recognition of methylated H3K4 by the ING2 PHD domain promotes the histone deacetylase activity of mSin3a-HDAC1 complexes in vitro.
We next studied the recognition of methylated H3K4 by the ING2 PHD domain in the context of physiological chromatin in cells. In protein-protein chromatin immunoprecipitation (ChIP) assays 15 , wild-type ING2 associated strongly with H3K4me3, but only weakly with H3K4me2 and not at all with other modified histones, suggesting that H3K4me3 is the preferred in vivo target of ING2 ( Fig. 3a; data not shown) . Moreover, the H3K4me3 interaction was mostly abolished by the D230A mutation and several additional substitutions that disrupt H3K4me3-binding in vitro 12 ( Fig. 3a, b ; data not shown). We conclude that the PHD domain is required for the association of ING2 with H3K4me3 at chromatin in vivo.
To determine whether endogenous H3K4me3 is important for ING2 association with H3, we knocked down the expression of the methyltransferase component, the WD40-repeat protein WDR5, which leads to a specific reduction in H3K4me3 levels (Fig. 3c) 16 . This was accompanied by substantially reduced binding of both Flag-tagged and endogenous ING2 to H3 at chromatin (without affecting complex formation with HDAC1) (Fig. 3d, e) . Thus, H3K4me3 is required for interaction of ING2 with H3, and endogenous ING2 specifically associates with trimethylated H3K4 at chromatin in vivo.
To investigate ING2 association with chromatin at a target gene, we focused on the cell-cycle regulator cyclin D1. This gene is transcriptionally inactivated by the mSin3a-HDAC1 complex 17 . In ChIP analyses, Flag-ING2 (and tri-and di-methylated H3K4, as expected 3, 4 ) are specifically detected at the cyclin D1 promoter but not at 3 0 coding regions ( Fig. 3f; Supplementary Fig. S6a ). Furthermore, WDR5 knockdown decreased ING2 occupancy at the cyclin D1 promoter (Fig. 3f) . Thus, trimethylation of H3K4 is important for ING2 association at the cyclin D1 promoter.
To investigate the biological significance of the ING2-H3K4me3 interaction, we used an ING2 complementation system 7 , whereby RNA interference (RNAi)-resistant wild-type or mutant (D230A or DPHD) ING2 constructs were stably expressed in ING2 knockdown cells. ING2 expression was substantially reduced in the knockdown cells, and the different ING2 constructs reconstituted expression at comparable levels (Fig. 4a) . Notably, the ING2 knockdown cells showed impaired cyclin D1 mRNA repression in response to doxorubicin compared with control (wild-type) cells, and complementation of knockdown cells with wild-type ING2 mostly restored efficient cyclin D1 repression (Fig. 4b) . In contrast, the ING2 D230A and ING2 DPHD proteins showed significantly reduced reconstitution activities (Fig. 4c) . Thus, PHD domain recognition of H3K4me3 is important for ING2-mediated repression of cyclin D1 mRNA expression in response to DNA damage.
Next, we examined promoter occupancy of the ING2-HDAC1 complexes in response to DNA damage. Doxorubicin treatment increased promoter occupancy of wild-type, but not mutant, ING2 at the cyclin D1 promoter (Fig. 4d) , as well as a second HDAC1-regulated DNA-damage response gene, c-Myc ( Supplementary  Fig. S7 ) 18 . Furthermore, HDAC1 occupancy and histone deacetylation at the cyclin D1 promoter both increased on DNA damage, and these responses, which were largely abrogated in the knockdown cells, were restored by reconstitution with wild-type, but not mutant, Figure 3 
